Aims The involvement of two steps in the physical dormancy (PY)-breaking process previously has been demonstrated in seeds of Fabaceae and Convolvulaceae. Even though there is a claim for a moisturecontrolled stepwise PY-breaking in some species of Geraniaceae, no study has evaluated the role of temperature in the PY-breaking process in this family. The aim of this study was to determine whether a temperature-controlled stepwise PY-breaking process occurs in seeds of the winter annuals Geranium carolinianum and G. dissectum. † Methods Seeds of G. carolinianum and G. dissectum were stored under different temperature regimes to test the effect of storage temperature on PY-break. The role of temperature and moisture regimes in regulating PY-break was investigated by treatments simulating natural conditions. Greenhouse (non-heated) experiments on seed germination and burial experiments (outdoors) were carried out to determine the PY-breaking behaviour in the natural habitat. † Key Results Irrespective of moisture conditions, sensitivity to the PY-breaking step in seeds of G. carolinianum was induced at temperatures ≥20 8C, and exposure to temperatures ≤20 8C made the sensitive seeds permeable. Sensitivity of seeds increased with time. In G. dissectum, PY-break occurred at temperatures ≥20 8C in a single step under constant wet or dry conditions and in two steps under alternate wet-dry conditions if seeds were initially kept wet. † Conclusions Timing of seed germination with the onset of autumn can be explained by PY-breaking processes involving (a) two temperature-dependent steps in G. carolinianum and (b) one or two moisture-dependent step(s) along with the inability to germinate under high temperatures in G. dissectum. Geraniaceae is the third of 18 families with PY in which a two-step PY-breaking process has been demonstrated.
INTRODUCTION
Breaking of physical dormancy (PY) in seeds at the onset of autumn is of survival advantage for winter annuals in that it provides them with favourable conditions for germination and establishment of seedlings (Taylor, 1996a, b) . In the absence of physiological dormancy (PD), breaking of PY may lead to immediate germination of seeds upon imbibition (Baskin and Baskin, 1998) . Germination of winter annual species in summer may result in loss of seedlings due to prevailing drought conditions (Baskin and Baskin, 1971) . Therefore, in winter annuals with PY, timing of PY-break must be set to synchronize with the onset of autumn. Taylor (1981) presented a temperature-dependent two-stage conceptual model for breaking of PY. In the first or preconditioning stage, the seeds are made sensitive to the second or the PY-breaking stage (Taylor, 2005) . This twostage model is known to occur in seeds of several annual species of Fabaceae [Medicago polymorpha (Taylor, 1996a, b) , Ornithopus compressus (Taylor and Revell, 1999) , Trifolium subterraneum (Taylor, 1981) , Melilotus albus, Medicago lupulina, Lotus corniculatus and Trifolium repens (Van Assche et al., 2003) ] and Convolvulaceae [Ipomoea lacunosa (Jayasuriya et al., 2008a) , Ipomoea hederacea (Jayasuriya et al., 2009b) and Cuscuta australis (Jayasuriya et al., 2008b) ]. The two-stage model consists of two distinct temperature and/or moisture-dependent processes (Taylor, 2005; Van Assche and Vandelook, 2006; Jayasuriya et al., 2009a) . Involvement of two stages in breaking of PY can be used to explain the PY-breaking behaviour and timing of germination under natural conditions (Taylor, 2005) .
Geranium carolinianum and Geranium dissectum are herbaceous winter annual species of Geraniaceae. Geranium carolinianum is native to eastern North America (Piper, 1906; Small, 1907; Aedo, 2000) , while G. dissectum is native to Europe (Aedo et al., 1998; Rhoads and Block, 2007) and is an introduced species in North America (Piper and Beattie, 1915) . Both species are widely distributed weeds in North America and usually grow in disturbed habitats such as roadsides, old fields, waste places, gardens and fallow and cultivated fields (McCready and Cooperrider, 1984; Abbas et al., 1995; Wilson and Clark, 2001 ). Moreover, both species are reported to be naturalized weeds in many parts of the world including Australia, China, Great Britain, Japan, Italy and South America (Mueller, 1885; Dunn, 1905; Macbride, 1949; Peng, 1978; Aedo et al., 1998 Aedo et al., , 2005 Benvenuti et al., 2001; Xu and Aedo, 2008; Nishida and Yamashita, 2009) .
As in most species of Geraniaceae, PY is known to occur in seeds of G. carolinianum and G. dissectum (Meisert, 2002; Van Assche and Vandelook, 2006; Gama-Arachchige et al., 2010) . Freshly matured seeds of both species also exhibit shallow non-deep PD, thus the seeds have combinational dormancy (PY + PD). However, the shallow PD is lost during a short after-ripening period (Baskin and Baskin, 1974; Gama-Arachchige et al., 2010) . The water-gap (small opening) formed in the water-impermeable seed or fruit coat during breaking of PY allows the seed to take up water. Opening of the water-gap involves dislodgment or disruption of water-gap structures that act as environmental 'signal detectors' for germination (Baskin et al., 2000) . The hinged-valve gap (water-gap) of the seeds of Geraniaceae is located near the micropyle. On breaking of PY, the changes in the palisade layer of the water-gap region are externally visible as a colour change from dark brown to brownish orange (Gama-Arachchige et al., 2010) . Thus, seeds with a colour change in the water-gap region are permeable (Gama-Arachchige et al., 2010) .
In a study of the ecological factors involved in breaking of PY in G. carolinianum, Baskin and Baskin (1974) concluded that PY-breaking takes place under dry or alternate wet-dry conditions at high summer temperatures. They concluded that the water-impermeable seed coat, conditional dormancy of the freshly matured embryo and the inability of seeds to germinate at high summer temperatures delay germination of seeds until autumn. However, examination of a sample of seeds from their study revealed that the seeds they used were G. dissectum, not G. carolinianum (N.S. Gama-Arachchige et al., unpubl. res.). Furthermore, a new preliminary study showed that unlike the seeds used by Baskin and Baskin (1974) , PY of G. carolinianum can be broken under wet conditions, further supporting the fact that the seeds they used were G. dissectum (N.S. Gama-Arachchige et al., unpubl. res.) . In a study of germination ecology of several species of Geraniaceae, including G. dissectum, Van Assche and Vandelook (2006) showed that subsequent drying of exhumed impermeable seeds in a desiccator for 1 week at approx. 20 8C markedly stimulated germination at 23 8C [see  table 7 in Van Assche and Vandelook (2006) ]. Meisert (2002) observed that seeds of certain species of Geraniaceae, including G. dissectum, became permeable under dry storage for 5 years at room temperature. Seeds of G. bicknellii, G. bohemicum and G. lanuginosum germinated (.90 %) after exposure to wet heat at 55-95 8C (Granstrom and Schimmel, 1993) , suggesting that those three species do not require drying for the breaking of PY.
Occurrence of a temperature-dependent process with two steps in the breaking of PY is unknown in Geraniaceae. Furthermore, none of the previous studies has clearly explained the environmental factors involved in the timing of PY-break and germination of G. carolinianum under field conditions. Therefore, the objectives of the current study on G. carolinianum and G. dissectum were to (1) determine the number of steps involved in the PY-breaking processes; (2) identify the temperature and moisture regimes that activate the dormancy-breaking process at each stage; and (3) develop a conceptual model for dormancy break and germination phenology under field conditions.
MATERIALS AND METHODS

Seed collection
Stems of Geranium carolinianum bearing mature fruits were collected at Spindletop Farm, Lexington, KY, USA, on 9 June 2010 (GC 2010) and 1 June 2011 (GC 2011) . Similarly, stems of G. dissectum were collected from the same location on 30 May 2010 (GD 2010 ) and 20 May 2011 (GD 2011 . They were covered with a mesh cloth and allowed to dry for 3 d inside a non-heated greenhouse. Seeds released naturally were collected and stored at room temperature (approx. 23 8C and 50-60 % relative humidity, dry storage) until used. According to imbibition tests, .98 % of fully matured seeds of both species were impermeable (data not shown). Therefore, fully matured seeds were used for all the experiments, which were started within 2 weeks of seed collection.
In the case of alternating incubation temperatures, high and low temperatures in the incubators were supplied on a 12 h/ 12 h daily basis under light/dark conditions (14 h/10 h; approx. 40 mmol m 22 s
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, 400 -700 nm, cool white fluorescent light). The same photon irradiance and 24 h continuous light were used for constant temperatures.
Breaking of PY under dry storage
Experiments were carried out to investigate the effects of dry storage under constant and alternating temperatures and subsequent exposure to autumn temperatures (20/10 8C) on breaking of PY.
Seeds collected in 2011 were stored dry at constant temperatures of 5, 10, 15, 20, 25, 30, 35 and 40 8C and at alternating temperatures of 15/6, 20/10, 25/15, 30/15, 30/20 and 40/25 8C in Petri dishes. From seeds stored under each temperature, a sample of 200 was retrieved every month. One hundred seeds from each sample (five replicates of 20 seeds) were incubated at the same storage temperature on sand moistened by adding distilled water heated or cooled to the respective storage temperature. The remaining 100 seeds (five replicates of 20 seeds) were incubated at the average autumn temperature (20/10 8C) on sand moistened by adding distilled water at 20 8C. The number of imbibed seeds was counted after 14 d. The same procedure was repeated for five consecutive months.
Sensitivity of seeds of G. carolinianum to changes in temperature
To determine the increase of sensitivity in seeds of G. carolinianum to the change in temperature, GC 2011 were stored dry in Petri dishes under alternating temperature of 40/25 8C (to simulate summer soil temperatures) and under constant 30 8C (approximately the average of 40/ 25 8C). Seven hundred seeds each were retrieved from both storage temperatures at 0 (fresh), 2 and 4 months and were incubated on moist sand at 10, 15, 20, 25, 30, 35 and 40 8C (five replicates with 20 seeds in each). The number of imbibed seeds was counted after 14 d.
Breaking of PY by simulated natural temperatures
To determine the effect of temperatures that the seeds of G. carolinianum and G. dissectum would experience in nature during the PY-breaking period, seeds (GC 2011 and GD 2011) were subjected to a sequence of temperature conditions simulating the average daily maximum and minimum temperatures in Lexington in June (30/15 8C), July (30/ 20 8C), August (30/20 8C), September (25/15 8C) and October (20/10 8C) under constant wet and dry conditions. Wet storage. Seeds were placed in Petri dishes filled with sand wetted with distilled water and their lids were sealed with Parafilm w . Then five replicates (with 20 seeds each) were subjected to the three temperature schemes shown in Table 1 . Seeds were kept under each temperature for 1 month and then transferred to the next temperature. At the end of each month, the number of imbibed seeds was recorded. Distilled water was added as required to maintain the wet condition. The procedure was continued for five consecutive months.
Dry storage. Five samples each containing five replicates of 20 seeds each from both species were placed on dry sand in Petri dishes. They were subjected to the three temperature schemes in Table 1 . At the end of each month, one sample was watered and left under the same temperature, and all the other samples were moved to the next temperature in the sequence. This procedure was followed for five consecutive months. Each watered sample was observed for imbibition after 14 d.
Effect of moisture regime on breaking of PY in G. dissectum To determine the effect of different moisture regimes on breaking of PY in G. dissectum, fresh mature seeds (GD 2011) were subjected to four moisture regimes in an incubator at 40 8C. Twenty samples each containing five replicates of 20 seeds were placed on sand in Petri dishes. Five samples each were subjected to the four moisture regimes. (1) Constant wet; seeds were kept under constant wet conditions by adding distilled water weekly. (2) Constant dry; seeds were kept dry. (3) Alternate wet-dry; seeds were alternated between wet and dry (2 weeks under each condition) for 10 weeks starting with the wet condition. (4) Alternate dry -wet; seeds were alternated between dry and wet (2 weeks under each condition) for 10 weeks starting with the dry condition. In the case of alternating moisture regimes, distilled water was added once a week during wet periods and no water was given during dry periods. For all moisture regimes, at the end of each 2 week interval, one sample was tested for imbibition at 40 8C, and in the case of alternate moisture regimes all the other samples were moved to the next moisture condition. Imbibition in each sample was recorded after 14 d.
Breaking of PY under semi-natural conditions
To determine the effect of temperature on timing of PYbreak under semi-natural conditions, 100 seeds (GC 2010 , GD 2010 , GC 2011 and GD 2011 were placed on dry sand in plastic Petri dishes (five replicates of 20 seeds). The Petri dishes then were placed in trays filled with potting soil inside a non-heated greenhouse [second week of June 2010/ 11 (GC 2010 and GC 2011) , first week of June 2010 (GD 2010) and last week of May 2011 (GD 2011)] . The water-gap region of seeds was observed weekly under a dissecting microscope. Seeds with colour change from dark brown to brownish orange in the water-gap region were considered permeable (Gama-Arachchige et al., 2010). Air temperature inside the greenhouse was recorded in 30 min intervals using a Thermochron ibutton w (DS 1921G#F50), and daily maximum and minimum temperatures were obtained from the recordings.
Effect of soil moisture regime on breaking of PY
To determine the effect of the soil moisture regime on breaking of PY in both species, seeds (GC 2010 , GC 2011 and GD 2011 were maintained under three soil moisture regimes (wet, wet -dry and dry). Five replicates each containing 300 seeds from each species were prepared separately for each moisture regime by sowing the seeds on plastic trays (30 × 30× 5 cm) filled with a 3 cm layer of dry potting soil and covering them with 0 . 5 cm of the same dry soil layer. The trays containing G. carolinianum and G. dissectum were placed inside a non-heated greenhouse in the second week of June (2010/11) and the last week of May (2011), respectively. Seeds maintained under the wet soil moisture regime were watered to field capacity and were covered with aluminium foil to minimize evaporation of water. Soil in those trays was kept at or near field capacity until the end of the experiment by watering once a week. Seeds in the wet -dry regime were watered once a week to field capacity and allowed to dry under ambient conditions. Seeds in the dry regime were left without watering until the second week of October 2010/11, after which they were watered to field capacity once a week. Seed germination was checked at 7 d intervals until the end of the experiment. The air temperature inside the greenhouse was recorded at 30 min intervals using a Thermochron ibutton w (DS 1921G#F50), and daily maximum and minimum temperatures were obtained from the recordings.
Breaking of PY under natural conditions
To determine the timing of breaking of PY under natural conditions, three replicates of 100 seeds (GC 2010 , GC 2011 and GD 2011 were placed in nylon mesh bags and buried at a depth of 2 cm in soil for 5 months [May to October (GD 2011) and June to November (GC 2010/11) ] in an open area on the campus of the University of Kentucky in 2010 and 2011. The soil temperature at a depth of 2 cm was recorded at 30 min intervals using a Thermochron ibutton w (DS 1921G#F50) sealed in a plastic bag, and daily maximum and minimum temperatures were obtained from the recordings. Manual weeding of the buried area was done when necessary during the burial period. Three bags each were exhumed every month and the numbers of intact, dead, swollen and germinated seeds were counted. The micropylar region of intact seeds was observed under a dissecting microscope. Seeds with a colour change from dark brown to brownish orange in the water-gap region were considered permeable (GamaArachchige et al., 2010). Then, all the intact seeds without the colour change were placed on moist soil and incubated at 20 8C. The number of imbibed and germinated seeds was counted after 14 d. The permeable seed fractions (initial and after exposure to 20 8C) were calculated as follows:
where C i is the number of seeds with a colour change in the water-gap region at each sampling time; D i is the number of dead seeds at each sampling time; G i is the number of germinated seeds at each sampling time; S i is the number of swollen seeds at each sampling time; C f is the number of seeds with a colour change in the water-gap region after exposure to 20 8C; G f is the number of germinated seeds after exposure to 20 8C; and S f is the number of swollen seeds after exposure to 20 8C.
Statistical analysis
A completely randomized design was used in all experiments. Percentage imbibition and permeable fraction data were normalized by arcsine transformation prior to analysis. Data for percentage permeable seed fractions in burial experiments were compared using paired t-tests (P ¼ 0 . 05). All other imbibition percentage and germination rate data were analysed by one-way analysis of variance (ANOVA). Duncan's mean separation procedure was used to compare treatments (P ¼ 0 . 05). All analyses were carried out using SPSS ver. 19 software.
RESULTS
Breaking of PY under dry storage
In both species, imbibition did not take place in seeds stored under dry conditions at constant temperatures below 15 8C even for 5 months (Fig. 1A, G ; results for storage under 5 and 10 8C not shown). The minimum storage temperature at which imbibition occurred was 20 8C (Fig. 1B, H) . With increasing storage temperature and time, the fraction of imbibed seeds increased (Fig. 1B-F, H-L) . However, in G. carolinianum, incubation at 20/10 8C caused a significant increase in the fraction of imbibed seeds compared with imbibition at each storage temperature, whereas in G. dissectum, no such change in imbibition was observed.
In G. carolinianum, ,2 % of seeds stored under 15/6 and 20/10 8C imbibed ( Fig. 2A, B) . Generally, the percentage imbibition increased with increasing storage time (Fig. 2C -F) . Higher imbibition percentages were observed at 30/15, 30/20 and 40/25 8C than at lower alternating temperatures ( Fig. 2D -F) . At 40/25 and 30/20 8C storage temperatures, the percentage of seeds that imbibed during subsequent incubation under 20/10 8C was significantly higher than those at the corresponding storage temperature after storage for 1 and 2 months, respectively. However, at 25/15 and 30/15 8C, no such significance was observed between percentage imbibition values after 3 months of storage (Fig. 2C, D) .
In contrast to G. carolinianum, no significant difference was observed in imbibition between seeds incubated under alternating storage temperatures and those incubated at 20/10 8C in G. dissectum (Fig. 2G -L) . Also, imbibition was low (,9 %) in seeds stored at 15/6 and 20/10 8C (Fig. 2G, H) . At the other storage temperatures, imbibition increased rapidly with storage time, reaching approx. 100 % after 2 -4 months of storage ( Fig. 2I -L) .
Sensitivity of seeds of G. carolinianum to changes in temperature
Only 0 -3 % of fresh seeds (0 months) imbibed at all incubation temperatures (Fig. 3A, D) . Seeds stored at 40/25 8C for 2 months showed significant imbibition at 10 and 15 8C (.92 %; Fig. 3B ). The highest temperature at which a significant imbibition was observed was 20 8C (16 %). At higher incubation temperatures, imbibition was very low (,4 %). After 4 months of storage, imbibition had increased at all the incubation temperatures (Fig. 3C) . At ≤20 8C, .86 % of the seeds had imbibed, while at 25 8C, 61 % of them had done so. At incubation temperatures .25 8C, the imbibed seed fraction remained between 20 and 30 %. An identical pattern, but lower percentages, of imbibition was observed for seeds stored at 30 8C (Fig. 3E, F) .
Breaking of PY by simulated natural temperatures
In G. carolinianum, imbibition increased drastically in seeds transferred to 25/15 8C (September), from approx. 0 to 70 % in dry-stored seeds and from approx, 0 to 30 % in wet-stored seeds (Fig. 4A) . On transfer of seeds to 20/10 8C (October), imbibition increased to .95 % in seeds stored under both dry and wet conditions. Unlike in G. carolinianum, imbibition (53 %) was first observed in G. dissectum when dry-stored seeds were transferred to 30/20 8C (July) (Fig. 4D ). Under the same conditions the following month (August), the fraction of imbibed seeds increased up to 100 %. In wet-stored seeds, imbibition increased only up to 16 % even after 5 months of storage under the same alternating temperature scheme. At simulated monthly maximum temperatures under wet and dry conditions, imbibition up to 16 and 31 %, respectively, was observed in G. carolinianum after transfer of seeds to 25 8C (Fig. 4B) . Subsequently, at 20 8C imbibition increased to .90 %. In the case of G. dissectum, all the dry-stored seeds imbibed after 2 months of storage at 30 8C, while only 28 % of the wet-stored seeds imbibed even after 5 months of storage (Fig. 4E) . Imbibition of both species was negligible after wet and dry storage with the average monthly minimum temperature scheme (Fig. 4C, F) .
Effect of moisture regime on breaking of PY in G. dissectum After the first 2 weeks of storage under all four moisture regimes at 40 8C, a low percentage of seeds imbibed (,4 %; Fig. 5A -D) . During the remaining 8 weeks at the constant wet regime, the percentage of imbibed seeds increased gradually to approx. 60 % whereas under the constant dry regime, it increased rapidly to 100 % (Fig. 5A, B) . After 4 weeks of storage (following the first dry period) under the wet-dry regime, a significantly higher percentage of seeds imbibed (approx. 80 %) (Fig. 5C ). During the following 2 weeks of wet storage, imbibition increased to 94 %. After 4 weeks of storage under the dry -wet regime (Fig. 5D ) (i.e. after the first wet period), a significant but low percentage of seeds imbibed (7 %). A marked increase in imbibition was then observed in the following dry period (100 %).
Breaking of PY under semi-natural conditions
In 2010, the minimum temperature recorded inside the greenhouse during the first 12 weeks after sowing the seeds was 17 . 5 8C (Fig. 6A) . During that period, no colour change was observed in the water-gap region of the seeds of G. carolinianum (GC 2010) (Fig. 6B) . A colour change was first observed in 22 % of seeds in the last week of August, following a weekly minimum temperature of 19 . 5 8C (Fig. 6A,  B) . Thereafter, the percentage of seeds with colour change gradually increased during late summer to early autumn, coinciding with the decrease in temperature. By the first week of October (early autumn), all seeds showed a colour change.
In 2011, the minimum temperature recorded inside the greenhouse during the first 7 weeks after sowing the seeds was 17 8C (Fig. 6D) . During that period, no colour change was observed in the water-gap region of the seeds of G. carolinianum (GC 2011) (Fig. 6E) . A colour change was first observed in 5 % of seeds in the first week of August, following a weekly minimum temperature of 21 8C (Fig. 6D, E) . Thereafter, the percentage of seeds with colour change gradually increased during late summer to early autumn, coinciding with the decrease in temperature. By the last week of September (end of summer), all the seeds showed a colour change. In both years, the colour change in G. dissectum was first observed about 2 months earlier (i.e. early summer) than that in G. carolinianum. The percentage of seeds with colour change gradually increased during summer and reached 100 % by the end of summer (Fig. 6B, E) .
Effect of soil moisture regime on breaking of PY In both years, G. carolinianum kept under the constant wet and wet -dry moisture regimes began to germinate in early September (late summer) and reached maximum germination by early October (.80 %; early autumn) as the temperature began to decrease (Fig. 6C, F) . However, germination under the wet-dry regime was lower than that under the constant wet regime. After watering in early October, seeds kept under the dry -moisture regime started to germinate within a week and reached . 93 % by early November (Fig. 6C, F) .
In G. dissectum (GD 2011), timing of germination under the three moisture regimes was similar to that of GC 2010 and GC 2011 (Fig. 6G) . However, compared with G. carolinianum, germination of G. dissectum was lower under constant wet (22 %) and wet -dry (61 %) moisture regimes (Fig. 6G) .
Breaking of PY under natural conditions
In G. carolinianum (GC 2010 and GC 2011) , neither fresh seeds nor those exhumed after 1 month of burial (July) were permeable (Fig. 7B , C, J, K). When these seeds were transferred to 20 8C, only those that had been subjected to 1 month burial in 2010 became permeable (4 %). After transferring the seeds that had been buried for 2 (August) or 3 (September) months to 20 8C, a significant increase in the fraction of permeable seeds was observed (.36 and . 94 %, respectively; Fig. 7D , E, L, M). Further, a considerable permeable fraction (.20 %) was observed in seeds exhumed after 3 months of burial (September) following the monthly minimum temperatures of 20 (2010) and 18 8C (2011) (Fig. 7A, E, I , M). More than 90 % of the seeds exhumed after 4 (October) or 5 (November) months of burial were permeable. However, transfer of seeds to 20 8C did not cause a significant increase in the permeable fraction (P , 0 . 05; Fig. 7F, G, N, O) .
All the fresh seeds of G. dissectum (GD 2011) were impermeable and they did not become permeable even after incubation at 20 8C (Fig. 7P) . During the 5 month burial period, the permeable fraction of seeds increased up to 39 % (Fig. 7Q -U) . None of the samples exhumed during the burial period showed a significant increase in permeability after incubation at 20 8C (P , 0 . 05).
DISCUSSION
Storage of G. carolinianum seeds at constant temperatures ≥20 8C followed by incubation at 20/10 8C resulted in a significant increase in the permeable seed fraction compared with seeds incubated under constant temperatures (P , 0 . 05). This observation suggests the involvement of two steps in breaking of PY in G. carolinianum seeds. Insensitive seeds are made sensitive at temperatures ≥20 8C during step-I, followed by step-II, where sensitive seeds become permeable at lower temperatures (i.e. 20/10 8C). However, under alternating storage temperatures with the daily maximum .20 8C and minimum ,20 8C (e.g. 25/15, 30/15 8C), seeds became permeable without the requirement for incubation at 20/10 8C. Also, under alternating temperatures in which the daily minimum was ≥20 8C (e.g. 30/20, 40/25 8C) a significantly lower percentage of seeds became permeable than at 20/10 8C (P , 0 . 05). Thus, it can be assumed that seeds achieve permeability when the alternating temperature itself satisfies the temperature requirements for the completion of step-I (by the daily maximum) and step-II (by the daily minimum). Therefore, the requirement for step-II is not necessarily an alternating temperature, but it has to be ≤20 8C.
Fresh insensitive seeds of G. carolinianum did not become permeable at any of the incubation temperatures (10 -40 8C; Fig. 3A, D) . Dry storage under 40/25 8C (mean summer soil temperatures) or constant 30 8C for 2 months induced sensitivity. However, they became permeable only at temperatures ≤20 8C during subsequent incubation. Four months of dry storage at the same temperatures increased the sensitivity of seeds. A significantly high percentage of seeds (.61) became permeable at temperatures ≤25 8C but not at temperatures ≥30 8C (Fig. 3C, F) . In relation to the mean temperature at step-I, sensitive seeds responded to a temperature decrease rather than an increase in step-II. Thus, sensitive seeds do not require alternating temperatures to become permeable at step-II. Furthermore, the amplitude of the decline in temperature required in step-II decreases and eventually may reach zero as seeds become more and more sensitive with time. Therefore, during the progression from the less sensitive stage to the highly sensitive stage, the temperature range at which seeds can become permeable (completion of step-II) gradually increases from low to high.
Simulation of temperatures of each month during summer and autumn provides further evidence for the occurrence of two steps in the PY-breaking process of G. carolinianum. During the first 3 months of storage, step-I may be completed due to high summer temperatures. However, since seeds had low sensitivity during June (30/15 8C) and were not exposed to temperatures ,20 8C during July and August (30/20 8C), step-II might have been suspended during the first 3 months of summer. After exposing sensitive seeds to autumn temperatures (25/15 and 20/10 8C), seeds became permeable upon the completion of step-II. Results were similar in the simulation of constant high temperatures of each month. In this temperature simulation experiment, the storage moisture condition (wet or dry) did not affect step-I or step-II in PY-breaking of G. carolinianum.
Based on the results of laboratory experiments, 20 8C was selected as the temperature threshold for the completion of step-II for greenhouse and burial experiments. Similar to laboratory experiments, seeds sown in the non-heated greenhouse that were exposed to hot summer temperatures showed the colour change in the water-gap (¼ PY-break) of G. carolinianum when the daily minimum temperature declined to ≤20 8C in mid to late summer. In early summer, those seeds did not respond to low temperatures, possibly because they were insensitive or less sensitive to low temperatures at that time.
Increase of sensitivity to low temperature (≤20 8C) in G. carolinianum was also observed in seeds buried in the soil. Seeds exhumed in early summer did not respond to 20 8C, while seeds exhumed during mid to late summer responded significantly (P , 0 . 05). Even though seeds were sensitive to low temperature during mid to late summer, a majority of them did not become permeable in the soil, since the minimum soil temperature remained .20 8C. When the minimum soil temperature dropped below 20 8C in early autumn, seeds became permeable. Seeds of G. dissectum become permeable under temperatures ≥20 8C (dry) without the requirement for a subsequent low temperature (20/10 8C) treatment. Similarly, the colour change in the water-gap region (¼ PY-break) of seeds occurred much earlier in the non-heated greenhouse under dry conditions than in G. carolinianum in summer under high temperatures. These results suggest that in contrast to G. carolinianum, breaking of PY in G. dissectum involves only a single step under one temperature regime (≥20 8C).
According to temperature simulation and moisture regime experiments conducted in the laboratory and greenhouse, it is evident that seeds of G. dissectum achieve permeability regardless of the moisture conditions (dry or wet storage). However, the dry condition is much more effective than the wet condition in breaking of PY (Figs 4D, E and 5A, B) . Also, the initial moisture treatment affects the PY-breaking behaviour. If the seeds are initially exposed to a wet period, subsequent drying can make a significant fraction of them permeable (Fig. 5C ). On the other hand, exposure of seeds initially to a dry period followed by a wet period delays their becoming permeable until the next dry period (Fig. 5D) . However, the similar fractions of permeable seeds observed under constant dry (after 4 weeks) and wet -dry (2 weeks wet followed by 2 weeks dry) storage indicate that during the wet period, seeds progress towards PY-break, possibly by becoming sensitive to drying (Fig. 5B, C) .
During the 5 month period of burial in the soil at 2 cm depth, ,40 % of G. dissectum seeds became permeable. It is possible that the moisture or the high relative humidity in soil delays permeability in .60 % of the seeds. Furthermore, Van Assche and Vandelook (2006) demonstrated that when immediately buried, fresh seeds of several species of Geraniaceae (including G. dissectum) remain impermeable until they are exposed to drying. This may be considered a moisture-dependent, conditional stepwise PY-breaking process (Table 2) . However, we found that breaking of PY in G. dissectum can take place in a single step under any moisture regime although at a different rate. Therefore, induction of sensitivity in seeds under wet conditions may be an essential step for seeds buried in soil but not for the seeds lying on the soil surface since they are constantly exposed to dry conditions during summer. The requirement for drying for breaking of PY may be an environmental cue that makes seeds permeable only from the upper layers of soil during summer, while seeds in the deeper moist layers maintain a soil seed bank (Van Assche and Vandelook, 2006) .
Of the 18 families with PY (Baskin and Baskin, 1998; Nandi, 1998; Baskin et al., 2000 Baskin et al., , 2006 Baskin, 2003; Horn, 2004; Koutsovoulou et al., 2005) , involvement of two steps in PY-breaking has been demonstrated only for Fabaceae and Convolvulaceae (Table 2) . Also, Van Assche and Vandelook (2006) suggested the existence of a moisturedependent, stepwise PY-breaking process in Geraniaceae. However, our study shows that seeds of G. dissectum do not behave in accordance with this pattern. Therefore, we suggest it to be considered a conditional two-step PY-breaking process.
Our study is the first report of a temperature-dependent, twostep PY-breaking process in Geraniaceae (G. carolinianum). Neither of the steps in the PY-breaking process of G. carolinianum were affected by the soil moisture regime, and both of them can be completed at constant temperatures (Table 2 ). Moreover, highly sensitive seeds may not require a second temperature condition to complete step-II. Therefore, it is possible that some seeds may become permeable without the second treatment.
Winter annuals in Fabaceae that have been reported as having a two-stage PY-breaking process require alternating temperatures in both step-I and step-II (except Trifolium subterraneum; only in step-II) to complete the process (Table 2) . However, the effect of constant low temperatures in step-II has not been tested in the studies with Fabaceae species. Therefore, it is possible that those species may respond to the decline in temperature in early autumn below a certain threshold (as in G. carolinianum). PY-breaking of the summer annual Ipomoea lacunosa requires low temperatures in the first step and high temperatures in the second step, which is the reverse of the PY-breaking requirement in the winter annual G. carolinianum. This pattern may ensure that the PY-break takes place during spring and summer in I. lacunosa and during early autumn in G. carolinianum.
Cycling between sensitivity and insensitivity in PY-breaking previously has been reported in some species of Fabaceae and Convolvulaceae (Table 2 ). Neither seeds of G. carolinianum nor those of G. dissectum demonstrated such cycling behaviour. Thus, they depend on a stepwise PY-breaking behaviour in timing their germination.
In G. carolinianum, breaking of PY involves two moisture-independent steps regulated by temperature (Fig. 8A) . Low temperature is the environmental cue that triggers PY-breaking in late summer and subsequent germination in early autumn. In G. dissectum, PY-breaking takes place in early summer, either in two steps or in a single step, the number of steps being determined by the moisture condition of the environment (Fig. 8B) . However, the inability of imbibed seeds to germinate under high temperatures delays germination until autumn (Supplementary Data Fig. S1 ). By means of these different dormancy-breaking strategies, seedling establishment in the two species is ensured to occur under favourable environmental conditions in autumn.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford journals.org and consist of the following. Figure S1 : percentage germination of manually scarified seeds of G. carolinianum and G. dissectum at different constant temperatures after dry storage at ambient room conditions. LITERATURE CITED
